CONCLUSION: Among the tested amides, only 8i and 8j were effective in R. dominica control and presented no considerable phytotoxicity towards wheat seeds. Therefore, these amides are promising as insecticides for the management of R. dominica.
INTRODUCTION
Cereal grains such as wheat, maize, and rice are widely consumed for their low cost and high nutritional value, being the main source of carbohydrates, proteins, vitamin B, and some minerals. Wheat is the most important source of vegetal protein in human food, with about 13% protein content. Rice is the most important source of carbohydrates for humans, providing over 20% of the calories consumed worldwide by humans. Although the production of maize is larger than that of rice or wheat, little of that is used for a source of carbohydrate and protein directly by humans. Sweet corns are composed of 76% water, 19% carbohydrates, 3% protein, and 1% fat. Maize is also a source of B vitamins, thiamin, niacin, pantothenic acid, and folate. 1, 2 These crops are constantly attacked by insect pests that cause economic losses throughout the world. 3 Rhyzopertha dominica Fabricius (Coleoptera: Bostrichidae) is the main stored wheat pest. The damage caused by this pest occurs because the larvae and adults feed on the interior of the grain kernel with infestation usually occurring during storage. Attack in the field is rare. 4 The application of insecticides, specifically active ingredients from the classes of pyrethroids, thiocarbamates, organophosphates, and diamides, is the main method for controlling R. dominica. [5] [6] [7] However, the indiscriminate use of these molecules can cause loss of efficacy through the selection of resistant insects to these products. This situation makes the development of new insecticides an important and continuous task. 8 In the development of insecticides, factors other than the efficacy against pests are evaluated, including their side effects on humans and other non-target organisms, fate in the environment, cost-effectiveness, and phytotoxicity on crops. 9, 10 Studies on pesticide phytotoxicity can be carried out using simple tests in laboratories. These tests usually involve the assessment of germination and root/shoot growth of seeds exposed to the pesticides. 11 Phytochemicals usually exhibit low environmental persistence and toxicity to mammals, which overcome many of the problems arising from the harmful effects of insecticides in the environment and in food security. 12, 13 For these reasons, natural products have been used as models for the development of synthetic pesticides. Amides found in plants of the genus Piper stand out for their biological activities. 14, 15 The dienamides of propyl, butyl, and isobutyl, which are synthetic analogs of piperine, are reported to be effective insecticides against Diaphania hyalinata (Lepidoptera: Crambidae), a key pest of Cucurbitaceae plants. 16 To the best of our knowledge, there have been no reports for the preparation of chiral amides analogous to dienamides or studies correlating the chemical structure with the biological activity of these compounds. These facts were the motivators that led to this research, in which we sought to use dienamides as lead structures for the development of new synthetic insecticides (Fig. 1) . It is important to highlight that the efficacy of insecticide molecules may be linked to their stereochemistries. In recent decades, the synthesis of enantiomerically pure compounds has gained prominence mainly in the pharmaceutical and agrochemical industries. 17 Thus, in this study we describe the synthesis of 14 chiral amides and assess the toxicity of these molecules against R. dominica and their phytotoxicity to wheat (Triticum sativum).
MATERIALS AND METHODS

Chemicals
General
The progress of the reactions was monitored by visualizing the thin layer chromatography (TLC) plates in an ultraviolet (UV) chamber, with a lamp irradiating at 254 nm. 18 The melting points were determined on an electrothermal digital apparatus and were not corrected. Infrared spectra were performed on a Fourier transform infrared (FT-IR) Varian 660 equipped with GladiATR (Varian, Palo Alto, CA, USA). Nuclear magnetic resonance (NMR) spectra were recorded on a Varian Mercury 300 MHz spectrometer. Deuterated chloroform was used as solvent and the residual hydrogen of chloroform ( = 7.22 ppm) was used as reference in the 1 H NMR. The signal of the carbon of CDCl 3 at = 77 ppm was used as reference in the 13 C NMR. Gas chromatography-mass spectrometry (GC-MS) was conducted with a Shimadzu QP5050A gas chromatograph-mass spectrometer (Shimadzu, Japan) using a glass capillary column (25 m × 0.25 mm) DB-1. Electron impact (70 eV) was employed to ionize the molecules before fragmentation in the mass spectrometer chamber. The quality (purity) of the compounds was assessed by the 1 H and 13 C NMR spectroscopy and their identity confirmed by the combined interpretation of NMR, IR, and MS.
Preparation of ylide (carbethoxymethylene)triphenylphosphorane
Ethyl bromoacetate (20 g, 131 mmol) was added to a solution of triphenylphosphine (37 g, 141 mmol) in dry toluene (300 mL).
The reaction mixture was heated at 110 ∘ C for 10 h. The mixture was filtered under vacuum, and the Wittig salt was solubilized in water (400 mL) and subsequently basified with aqueous sodium hydroxide solution (2 mol L −1 , 400 mL), forming a yellowish precipitate. The residue was filtered under vacuum to afford the ylide according to Scheme 1.
2.1.3
Synthesis of 1,2:5,6-di-O-isopropylidene-D-mannitol 2 D-mannitol 1 (3.64 g, 20 mmol) was added to a solution of anhydrous zinc chloride (5.44 g, 40 mmol) in anhydrous acetone (100 mL) and the mixture was stirred for 5 h. The reaction mixture was poured onto a suspension of potassium carbonate (4 g) in water (4 mL), vigorously stirred, filtered and the zinc carbonate washed with acetone (50 mL). The filtrate was concentrated and the residue was dissolved in diethyl ether (20 mL) and transferred to a separating funnel. The organic layer was separated and the aqueous layer was extracted with diethyl ether (3 × 10 mL). The diethyl ether was removed under vacuum at room temperature to give a white slurry. Hexane (50 mL) was added to the slurry and stirred for 20 min. The mixture was kept in the refrigerator for 2 h. The mixture was filtered under vacuum and the solid was dried under vacuum in the desiccator to afford the acetal 2 (4.56 g, 87% yield). 19 
Synthesis of 2,3-O-isopropylidene-D-glyceraldehyde 3
The acetal 2 (2.63 g, 10 mmol) was solubilized in dichloromethane (50 mL) and, posteriorly, a saturated aqueous solution of sodium carbonate (1.10 mL) was added. This mixture was kept under stirring in ice bath. Sodium periodate (4.27 g, 20 mmol) was added and the mixture was stirred in an ice bath for 2.5 h. Anhydrous magnesium sulfate (1.5 g) was added and the reaction mixture was filtered. The filtrate was concentrated under vacuum to afford the aldehyde 3 (1.86 g, 71%). 20 
Synthesis of 4-Z and 5-E
The aldehyde 3 (5.0 g) solubilized in methanol (100 mL) was added to an ice-cooled solution of the ylide (10.0 g, 30.0 mmol). The reaction mixture was stirred for 6 h, the methanol was evaporated and the residue was extracted with hot hexane/diethyl ether (9:1). The residue was purified by flash column chromatography (using Scheme 1. Synthesis of ylide (carbethoxymethylene)triphenylphosphorane.
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Synthesis of the acid 6
To a solution of the ester 4-Z (300 mg, 1.5 mmol) in methanol (10 mL) was added aqueous sodium hydroxide (10 mL, 4.5 mmol) and the mixture was stirred at 25 ∘ C. After 3 h, the mixture was acidified to pH 5-6 with 10% aqueous citric acid. The methanol was evaporated, the aqueous mixture was diluted with brine (10 mL) and it was extracted with ethyl acetate (3 × 20 mL). The organic phase was separated and the solvent was evaporated at reduced pressure, to give the acid 6 (0.26 g, 100%).
Synthesis of amides 8a-8n
The synthetic pathway for compounds 8a-8n is presented in Scheme 2. The acid 6 (0.26 g, 1.5 mmol) was dissolved in DCM (30 mL), cooled in ice bath, and triethylamine (0.25 g, 1.8 mmol) and methyl chloroformate (0.2 mL, 2.1 mmol) were added via syringe. The reaction mixture was stirred for 1 h prior to addition of the corresponding amine. The reaction mixture was stirred for 2 h and concentrated under vacuum. The residue was purified by flash column chromatography. The amines, eluents, and the reactions yields are presented in Table 1 .
Bioassays
Bioassays were conducted with adults of R. dominica reared in the laboratory in 1.5 L glass bottles. To begin this colony, the insects were collected from a maize silo (20 ∘ 46 ′ 13 ′′ S, 42 ∘ 52 ′ 22 ′′ W) and reared on whole wheat under constant conditions (28 ± 2 ∘ C, 70 ± 5% relative humidity and 24 h scotophase). The colony was mass reared for three years (about 21 generations) prior to the bioassays.
Three bioassays were performed with the insect pest. Initially, a screening bioassay was carried out to select the most active amides. Dose-mortality curves for the selected compounds were estimated in the second bioassay. Subsequently, the speed of action was determined for these compounds towards R. dominica. All bioassays were performed in a completely randomized design. Each experimental unit consisted of a round plastic container (6 cm diameter × 5 cm height, with lid) containing ten insects. Insects were fed with wheat grains (100 mg) added to each container. The compounds were diluted in acetone and topically applied to the abdominal tergum of the insects (0.5 μL insect −1 ) using a syringe (Hamilton model 701 N, Reno, USA). For negative control, the insects were treated with an equal volume of acetone. In order to establish the average mass of the insects, ten adults were weighed on an analytical scale before each bioassay. After the application, insects were kept at the same conditions as in laboratory rearing.
Screening bioassay
The treatments were the 14 synthesized amides and the efficiency standard Bifenthrin ® (92.2% w/w. FMC Quimica, Campinas, Brazil) applied at the dose of 44.05 μmol g −1 of insect. 21 Six replicates were performed for each treatment. Mortality of the insects was evaluated after 48 h. Insects were considered dead when they did not move when prodded with a fine brush. Rhyzopertha dominica mortality data were subjected to analysis of variance and the treatment means were grouped by the Scott-Knott test at the 5% level using the software R. 
Determination of dose-mortality curves of the most active
amides against R. dominica Dose-mortality curves of the amides 8i and 8j, and Bifenthrin ® (efficiency standard) were estimated. The same procedure described in the screening was used. At least five doses were used for each treatment in order to obtain mortalities ranging from 1% to 99%. Mortality data were submitted to Probit analysis 24 to estimate the dose-mortality curves and their confidence intervals at the 5% level (CI 95 ).
Determination of the survival curves for R. dominica for the most toxic amides
In order to measure the speed of action of the most active amides, survival curves were estimated. The treatments were the LD 90 of the selected amides (8i and 8j) and the negative control (acetone only). Each treatment was set up with 100 R. dominica adults. The procedures were similar to the previous bioassays. Insect mortality was assessed every 10 min during the first hour of the experiment, followed by 2 h intervals of observation until the death of approximately 90% of the insects. Experimental data were submitted to survival analysis using Kaplan-Meier estimators (PROC LIFETEST, SAS 9.2) 24 to obtain survival curves and estimates of median lethal times (LT 50 values). Overall similarity among the survival curves and LT 50 values was tested using the log-rank test, and pairwise comparisons among the curves were tested using the Holm-Sidak test at the 5% level.
Phytotoxicity bioassays
The phytotoxic effects of the most active amides on wheat seeds were evaluated using five concentrations (500, 400, 300, 200, and 100 μmol L 
RESULTS
Synthesis of amides
The preparation of new chiral amides is depicted in Scheme 2. Promptly available D-mannitol was acetalated using anhydrous acetone and anhydrous zinc chloride to give 2 in 87% yield. Oxidative cleavage of the diacetal 2 by sodium periodate led to the 2,3-O-isopropylidine-D-glyceraldehyde 3. Wittig reaction of the aldehyde 3 with (carbethoxymethylene)triphenylphosphorane gave a mixture of the 4-Z and 4-E esters in 63% yield in a ratio of 4:1.
The amide function can be obtained by several synthetic routes. 25 and each route presents its particularities as yield, reaction time, and reaction condition. The planning of a synthetic route should follow some parameters such as higher yields, reaction time, and reduced number of synthetic steps, besides the selection of reagents that are most efficient. First, we attempted to obtain the amides from the direct reaction of the 4-Z ester with amine, but the Michael addition of the amine to the double bond of 4-Z was formed as the only product, thus forming amino esters. In a recent study, Barcellos et al. 26 reported the synthesis of amino esters from the selective addition of amines to the 4-Z ester. The scope of this reaction was evaluated by the authors through the study of the conjugate addition of a series of primary and secondary amines in different reaction conditions. From this evidence, the strategy for preparing the amides was to convert the ester to a more reactive functional group. Initially the 4-Z ester was hydrolyzed, followed by in situ formation of the anhydride. For this purpose, the methyl chloroformate was used in the presence of triethylamine.
It should be mentioned that the methodology chosen for the formation of the amides (via anhydride cleavage) allows the aminolysis of the 4-Z ester more easily, since the anhydride is more reactive than the hydroxyl group. Therefore, the route via the anhydride intermediate favors the preparation of various amides by aminolysis with different amines.
All compounds were purified by silica-gel flash column chromatography and fully characterized by IR, 1 H and 13 C NMR, and MS (supporting information, Appendix S1). The eluents employed to purify each amide and their corresponding reaction yields are described in Table 1 .
Toxicity to the insect pest R. dominica
Significant differences in the mortality data of R. dominica were observed after 48 h of exposure to the compounds (F 15.55 = 21.31, P < 0.001). Compounds 8i and 8j were the most efficacious, causing 100% and 87% of mortality, respectively. These values did not differ from the mortality caused by Bifenthrin ® (75%). Mortality of insects submitted to the other treatments ranged from 30% (amide 8b) to 5% (negative control). Therefore, amides 8i and 8j were selected for the subsequent bioassays (Fig. 2 Table 2 ). The mortality curve for the amide 8i had a lower slope (4.29) when compared to the curve for the amide 8j (8.97) (Fig. 3) .
There was no significant difference in the survival of R. dominica adults treated with the LD 90 of compounds 8i and 8j (log-rank test, 2 = 0.19, df = 1, P < 0.66). Median lethal time (LT 50 , lethal time for 50% of the treated insects) was 22 (CI 95 = 19.34-24.66) and 19 h (CI 95 = 17.05-20.95) for insects treated with amides 8i and 8j, respectively (Fig. 4) .
Phytotoxicity
The compounds 8i and 8j provided growth stimulus for the shoot at all concentrations (Fig. 5) . Growth stimulus ranged from 4% to 18% for amide 8i, and 2% to 6% for amide 8j. Conversely, S-metolachlor (Dual ® ) inhibited above 60% shoot elongation at all concentrations. Amides 8i and 8j inhibited root development at 500 μmol L −1 (the highest concentration tested) in 44.3% and 21.1%, respectively. At lower concentration (200 μmol L −1 ), inhibition of root growth was less than 13% for amides 8i and 8j. These values were marginal compared to S-metolachlor, which inhibited 70% root elongation at all concentrations.
DISCUSSION
Compounds 8i and 8j caused more than 80% mortality to R. dominica, a minimum value recommended by Brazilian legislation to select potential insecticide molecules, 27 indicating that these compounds have the potential to be used as models for future development of agrochemicals for controlling this pest.
The results obtained from this study indicate that the amides 8i and 8j present similar toxicity to Bifenthrin ® , one of the most used protectant insecticides in the management of stored grain pests. 28 The dose-mortality curve estimated for amide 8j had a higher slope (8.97) than that for compound 8i (4.29), indicating a more homogeneous response to R. dominica populations exposed to compound 8i. 29 Therefore, small variations in doses of compound 8j can promote broad variations in pest mortality, increasing the risk of failures in R. dominica control. 30, 31 In warehouses, high temperatures and moisture contents of grains favor the development of pest insects. 32 Rhyzopertha dominica, besides consuming grain kernels, deposit feces and cause localized increases in heat and moisture, leading to accelerated mold growth. 33 Another problem concerning R. dominica attack is fragments, such as larval head capsules and adult exoskeletons, left in flour. In several countries, the tolerance of insect residues in stored grain is very low. 34 In view of this, even low infestations of stored grains are sufficient to decrease the product market value because of customer complaints or lawsuits, resulting in a very low economic threshold for grain products in warehouses. [35] [36] [37] Rhyzopertha dominica females may lay up to 17 eggs per day under high temperatures (32 ∘ C). 38 Due to this high reproductive potential, it is desirable for the insecticide to show rapid action on the pest, avoiding the growth of the insect population and new sources of grain contamination. Here, amides 8i and 8j promoted efficient control in less than 48 h. These results reinforce the insecticidal potential of amides 8i and 8j in the management of R. dominica.
Wheat seeds can be stored for sowing purposes and in these situations R. dominica can damage the seeds, affecting their viability and vigor. 39, 40 Thus, it is highly desirable that insecticides used in this pest management do not compromise seed quality. Phytotoxic studies of insecticides on wheat seeds are scarce. A study wileyonlinelibrary.com/journal/ps performed with the organophosphate malathion did not find adverse effects of this insecticide on wheat germination. 41 In the present study, amides 8i and 8j provided stimulatory effects for shoot elongation at all concentrations. The lowest concentration of these compounds (100 μmol L −1 ) stimulated root elongation but higher doses inhibited it, albeit marginally when compared to the herbicide S-metolachlor. Elongation tests with the insecticides Chlorpyrifos, -cypermethrin and -cyhalothrin in onion and tomato presented a similar pattern (growth stimulation at lower concentrations and inhibition at higher). 42, 43 Higher adverse effects of insecticidal molecules on root growth compared to shoot elongation, as observed in this study, have been reported for cypermethrin elsewhere. 44 
CONCLUSION
Amides 8i and 8j present high toxicity and fast action against R. dominica. These compounds also exhibit low phytotoxicity to wheat seeds, which is an important attribute when considering potential pesticides. These results indicate that these compounds are promising molecules for R. dominica control.
